The HIF (hypoxia-inducible factor) plays a central regulatory role in oxygen homoeostasis. HIF proteins are regulated by three Fe(II)-and α-KG (α-ketoglutarate)-dependent prolyl hydroxylase enzymes [PHD (prolyl hydroxylase domain) isoenzymes 1-3 or PHD1, PHD2 and PHD3] and one asparaginyl hydroxylase [FIH (factor inhibiting HIF)]. The prolyl hydroxylases control the abundance of HIF through oxygen-dependent hydroxylation of specific proline residues in HIF proteins, triggering subsequent ubiquitination and proteasomal degradation. FIH inhibits the HIF transcription activation through asparagine hydroxylation. Understanding the precise roles and regulation of these four Fe(II)-and α-KG-dependent hydroxylases is of great importance. In the present paper, we report the biochemical characterization of the first HIF protein substrates that contain the CODDD (C-terminal oxygen-dependent degradation domain), the NODDD (N-terminal oxygen-dependent degradation domain) and the CAD (C-terminal transactivation domain). Using LC-MS/MS (liquid chromatography-tandem MS) detection, we show that all three PHD isoenzymes have a strong preference for hydroxylation of the CODDD proline residue over the NODDD proline residue and the preference is observed for both HIF1α and HIF2α protein substrates. In addition, steady-state kinetic analyses show differential substrate selectivity for HIF and α-KG in reference to the three PHD isoforms and FIH.
INTRODUCTION
One of the key regulators in oxygen homoeostasis is HIF (hypoxia-inducible factor). HIF is a transcription factor composed of an α-subunit that is stabilized under hypoxic conditions resulting in dimerization with its constitutively present β-subunit. The resulting heterodimeric transcription factor binds to HRE (hypoxia-response elements), inducing the transcription of numerous genes that are involved in functions such as erythropoiesis, iron metabolism, angiogenesis and energy metabolism [1] [2] [3] . Therefore therapeutic activation of HIF signalling has been suggested as a potential treatment for numerous conditions, including ischaemia, stroke, heart attack, anaemia, inflammation, neuronal injury and wound healing [4] [5] [6] [7] .
Under normoxic conditions, three amino acids located in the α-subunit of HIF (isoforms 1 or 2) are targeted for hydroxylation in response to molecular oxygen levels [8] [9] [10] . The three amino acids are found in different portions of the ODDD (oxygen-dependent degradation domain) designated the CODDD (C-terminal ODDD), the NODDD (N-terminal ODDD) and the CAD (C-terminal activation domain) ( Figure 1 ). These hydroxylation events result in multiple modes of regulation for the HIF pathway. The level of HIFα protein is regulated by PHD (prolyl hydroxylase domain) proteins 1-3 [PHD1/EGLN2 (egglaying deficiency protein nine-like protein 2), PHD2/EGLN1 and PHD3/EGLN3], which catalyse the hydroxylation of the proline residue present in the CODDD or NODDD region. These modifications earmark HIFα for recognition by the VHL (von Hippel-Lindau protein), resulting in ubiquitination and proteasomal degradation [11] [12] [13] . Upon proteasomal degradation, HIFα is no longer present to dimerize with HIFβ and prevents the formation of a functional heterodimeric HIFα/β transcription factor. Hydroxylation of the asparagine residue by FIH (factor inhibiting HIF) prevents binding of HIF to the transcriptional co-activator p300/CBP [CREB (cAMP-responseelement-binding protein)-binding protein], thus regulating HIF by inhibiting its transcriptional activity.
PHD isoenzymes 1-3 (EC 1.14.11.29) and FIH (EC 1.14.11.16) are members of the α-KG (α-ketoglutarate)-and iron (Fe)-dependent dioxygenase family of enzymes. Their activity is dependent on a primary substrate, oxygen, α-KG and the obligate cofactors iron and ascorbate [9, 10] . For the PHD isoenzymes and FIH, the primary substrate is HIFα. A number of studies on the substrate selectivity of the PHD isoenzymes and FIH have been previously reported [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . These studies typically used peptides or truncated HIF protein domains, such as the CODDD or the NODDD as hydroxylation substrates. In the present paper, we report the binding and activity characteristics of the PHD and FIH enzymes using HIF1α and HIF2α protein substrates that contain all the CODDD, NODDD and CAD regions. Through
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MATERIALS AND METHODS

Materials
Protein expression and purification
PHD2-(1-426) and PHD1-(1-407) were expressed in Sf9 cells from a modified Gateway pDEST8 baculovirus expression vector containing the genes encoding His 6 -streptavidin-TEV (tobacco etch virus)-PHD2 or His 6 -streptavidin-TEV-PHD1. PHD2 (UniProt: Q9GZT9) was purified utilizing a StrepTactin affinity column. PHD1 (UniProt: Q96KS0) was purified using an Ni-NTA (Ni 2 + -nitrilotriacetate) column followed by a StrepTactin affinity column. PHD3-(1-239) and FIH-(1-349) were expressed as His 6 -MBP (maltase-binding protein)-att-PHD3 or His 6 -MBP-TEV-FIH in Escherichia coli BL21(DE3)pRR692 cells using a modified Gateway pDEST T7 His 6 -MBP expression vector. The E. coli cells were grown in LB (Luria-Bertani) containing FeCl 2 and were induced at a D 600 of 0.6 with 0.5 mM IPTG (isopropyl β-D-thiogalactoside) for 2 h followed by cell harvesting at 30
• C. PHD3 (UniProt: Q9H6Z9) was purified via amylose affinity utilizing the N-terminal MBP tag and eluted with 10 mM maltose. FIH (UniProt: Q9NWT6) was purified by capture on Ni-NTAagarose followed by anion-exchange chromatography using Mono Q resin. The resulting proteins were 60-80 % pure.
HIFα (1α = UniProt: Q16665 and 2α = UniProt: Q99814) proteins spanning the C-terminal regions comprising the transactivation and inhibitory domains (hence referred to as desPAS) were expressed in E. coli cells using a modified Gateway pDEST T7 expression vector containing the genes encoding His 6 -GB1 (Protein G B1 domain)-TEV-HIF1α-(344-826)-streptavidin or His 6 -GB1-TEV-HIF2α-(345-870)-streptavidin. The HIF proteins were purified by guanidine solubilization of the lysis pellet followed by capture on Ni-NTA-agarose followed by protein refolding via buffer exchange. The HIF1α protein went through an additional StrepTactinSepharose column. Both proteins were then desalted using a G-25 (HIF2α) or G-50 (HIF1α) column. For use in the HTRF (homogeneous time-resolved fluorescence) assay, cysteine residues in the HIF protein sequence were labelled with Cy5 (indodicarbocyanine) by reacting purified HIF protein with Cy5-NHS (N-hydroxysuccinimide) ester followed by desalting through a G-25 or G-50 column. Proteins were 75-90 % pure.
HIFα proteins spanning the CODDD region, His 6 -GB1-TEV-HIF1α-(498-603) or His 6 -GB1-TEV-HIF2α-(467-575), were expressed and purified from E. coli as previously reported [21] . VBC (VHL-elongin BC) complex was prepared and refolded from individual components comprising VHL (UniProt: P40337), elongin B (UniProt: Q15370) and elongin C (UniProt: Q15369) as described in [21] .
Kinetic characterization of the enzymes
Assays were performed at room temperature (25 • C) in buffer A consisting of 50 mM Hepes, pH 7.5, with 50 mM KCl, 0.5 mM TCEP [tris-(2-carboxyethyl)phosphine], 0.005-0.01 mM FeCl 2 , 0.1 mg/ml BSA and 0.2-1 mM ascorbic acid. Kinetic parameters, K m and k cat , were determined by fitting the data to the MichaelisMenten equation using GraFit software (GraFit 6.0). F-test analyses were also carried out using GraFit. PHD isoenzymes 1-3 were characterized using previously described HTRF and radioactive assays for CODDD and CAD substrates [21] . The HTRF assay incorporates the downstream binding of hydroxylated HIFα with the VBC complex to generate a fluorescent signal and the radioactive assay is based on the capture of 14 CO 2. LC-MS/MS based assays, described below, were utilized for enzyme characterization with HIF peptides and HIF desPAS proteins.
For the HTRF assay, reaction mixtures typically consisted of 1-5 nM PHD, 200 nM biotin-VBC complex and 2 μg/ml europiumstreptavidin with varying amounts of HIF CODDD and α-KG in buffer A. Owing to increasing levels of Cy5 upon titrating HIF, progress curves were baseline-subtracted by a no-enzyme control at each HIF concentration. Owing to the unavailability of a product standard, k cat values were not determined using the HTRF assay. For the radioactive assay, reaction mixtures contained 50 nM PHD or FIH enzyme with HIF substrate (800 nM CODDD or 200 μM CAD peptide) and various amounts of unlabelled and radioactive α- [1- 14 C]KG (specific activity 56.8 mCi/mmol, 37829 d.p.m./reaction) in buffer A.
LC-MS/MS was utilized for analysis of the short HIF CODDD peptides. Reaction mixtures contained 10-250 nM PHDs, 0.3 mM CHAPS, saturating amounts of α-KG (relative to K m ) and various amounts of CODDD peptide in buffer A. Reactions were quenched at multiple time points by the addition of 0.24 % TFA (trifluoroacetic acid). This TFA concentration was determined to stop enzymatic activity without altering detection of peptide. SRM (selected reaction monitoring) analyses were performed using nano-ESI (electrospray ionization) LC-MS/MS on a 4000 Q Trap instrument. HIF1α 
Analysis of HIF desPAS protein hydroxylation
LC-MS/MS assay was used to generate time course data and investigate hydroxylation by FIH on the CAD region and by the PHDs at both proline residues in the HIF Cterminal desPAS constructs under physiological concentrations of • C for 10 min and subsequent freezing in liquid nitrogen. HIF bands were resolved by 4-12 % NuPAGE in Mops buffer and excised. The HIF bands were reduced, alkylated and digested for 16 h with Asp-N protease, followed by 3 h with trypsin. Peptides were force-oxidized using 0.05 % H 2 O 2 for 15 min at 37
• C. SRM analyses were performed using nano-ESI LC-MS/MS on a 4000 Q Trap instrument. The response for each peptide was calculated using the peak area after summing all the transitions (three to four, 50 ms each) for each peptide. C 13 , N 15 stable isotope-labelled hydroxyepitope peptide standards were included for absolute quantification.
RESULTS
Monitoring hydroxylation of HIF desPAS proteins using LC-MS/MS
HIF1α and HIF2α proteins spanning the C-termini region (transactivation and inhibitory domains) were expressed in E. coli cells using a modified Gateway pDEST T7 expression vector. . This site-specific assay is based on an ordered two-enzyme proteolytic digestion followed by MS analysis using nanoLC-SRM. The stepwise digestion using Asp-N followed by trypsin protease provided a means to isolate all the relevant hydroxypeptide products in a tractable form highly amenable to SRM-based quantification. Four stable isotopelabelled peptide standards corresponding to the hydroxylated and non-hydroxylated CODDD epitopes were synthesized for inclusion as internal standards. In addition to permitting absolute quantification, these standards proved invaluable in studying pHdependent solubility and chromatographic behaviour to optimize peptide recovery for the non-tryptic peptide products. A typical ion chromatogram for the product is shown in Figure 2 . The percentage of hydroxylation is calculated on the basis of the ratios of hydroxylated to total epitopes. The results are summarized in Table 1 and plotted in Figures 3-6 . For PHD2, both HIF1α and HIF2α desPAS protein CODDD sites reached more than 90 % hydroxylation within 100 min (Figure 3 ). Hydroxylation at the NODDD site clearly trailed hydroxylation at the CODDD site for both HIF1α and HIF2α desPAS proteins in PHD2 reactions. Interestingly, a lag phase was observed for both HIF1α and HIF2α NODDD hydroxylation for PHD2, suggesting that CODDD and NODDD hydroxylations by PHD2 are not concerted reactions. The lag phase could be an indication for sequential mechanism for the hydroxylation at CODDD and NODDD sites. While the HIF1α NODDD hydroxylation by PHD2 attained 90 % at 300 min, the HIF2α NODDD hydroxylation had only approx. 50 % hydroxylation at 300 min ( Figure 3 ). These results suggested differential regulation of HIF1α and HIF2α at the NODDD site by PHD2. For PHD1 reactions, none of the proline sites of HIF1α and HIF2α desPAS protein reached more than 30 % hydroxylation after 1500 min (Figure 4) . No lag phase was clearly observed for the PHD1 reaction at the NODDD site due to the low level of hydroxylation. However, hydroxylation at the NODDD site for both HIF1α and HIF2α desPAS protein by PHD1 was observable (see Table 1 ). In contrast, no NODDD hydroxylation product was observed for PHD3 reactions. It is difficult to determine whether the overall low hydroxylation reflects a true low level of hydroxylation of HIF substrates by PHD1 or the loss of PHD1 activity due to the poor stability of the PHD1 protein. Overall, PHD1 has much lower activity than PHD2 and PHD3 under our experimental conditions (See Figures 3-5 and Table 1 ). For PHD3, the HIF1α CODDD hydroxylation level was higher than 90 % at the end of a 300 min reaction (Figure 5a ). In contrast, HIF2α CODDD hydroxylation by PHD3 only reached 23 % after 300 min (Figure 5b ). Since the reaction conditions for PHD3 using HIF2α and HIF1α substrates were identical, the lower level of hydroxylation in HIF2α CODDD by PHD3 is less likely to be attributed to poor stability of PHD3. No detectable NODDD hydroxylation by PHD3 was observed for both HIF2α and HIF1α desPAS substrates. In addition to the proline hydroxylation, the asparagine hydroxylation at the HIF1α and HIF2α desPAS protein CAD regions was also monitored. The reactions were carried out by incubating FIH with HIF1α or HIF2α desPAS proteins for the amount of time indicated ( Figure 6 ). The HIF1α desPAS protein was shown to be a better substrate for FIH than HIF2α desPAS protein ( Figure 6 ). Both reactions reached equilibrium following a 300 min reaction. However, 60 % hydroxylation was achieved for HIF1α desPAS protein and only 25 % hydroxylation was achieved for HIF2α desPAS protein by FIH. It was difficult to distinguish between the possibility of true low level hydroxylation of the HIF desPAS proteins by FIH and poor stability of the FIH protein.
Kinetic characterization of the HIF CODDD and HIF desPAS protein substrates
The kinetic parameters were determined using either a radioactive 14 CO 2 -capture assay or an HTRF assay. The 14 CO 2 capture assay monitored the capture of 14 CO 2 from α-[1-14 C]KG. This assay is commonly used for α-KG-utilizing enzymes. The HTRF assay detects the energy transfer between VHL and the hydroxylated HIFα products upon binding and is approx. 50-fold more sensitive than the 14 CO 2 -capture assay. We first carried out side-by-side studies to compare the two assay formats. The apparent α-KG K m determined for PHD2 using HIF1α CODDD substrate and PHD3 using HIF2α CODDD matched reasonably well in two different formats starting from identical reaction materials, indicating a good agreement between these two assay formats ( Table 2 ). The k cat values measured by the 14 CO 2 -release assay were also reported in Table 2 . These values are in line with previously reported k cat values [12, 13] . To accurately characterize the tight binding of protein substrates to the PHD enzymes, the kinetic parameters were determined using the more sensitive HTRF assay for CODDD and HIF desPAS protein substrates (Table 3 ). In addition, HIF1α CODDD peptide substrate 556-575 (20 residue) and HIF2α CODDD peptide substrate 523-543 (21 residue) were used to measure k cat and K m values using a LC-MS/MS assay. Interestingly, for both CODDD and desPAS protein substrates, the α-KG K m values for PHD2 and PHD1 were well below 1 μM, much lower than the 50-60 μM values reported previously [12, 13] . In contrast, the PHD3 α-KG K m values were in the range 5-22 μM, approx. 20-100-fold higher than the α-KG K m values for PHD2 and PHD1. Our side-by-side studies of 14 CO 2 release and HTRF assays confirmed the low α-KG K m value for PHD2 and much higher value for PHD3, suggesting that the results were independent of assay format (Table 2) . For all three PHD isoforms, no significant change in α-KG K m was observed whether HIF1α or HIF2α, CODDD or desPAS protein substrates were used. The HIF CODDD substrates showed tight binding to PHDs with K m values ranging from 180 nM (PHD2) to low nanomolar values (PHD3) ( Table 3 ). For desPAS protein reactions, the HTRF assay monitored the hydroxylation at both CODDD and NODDD sites. However, for all three PHD isoforms, the hydroxylation mainly took place at the CODDD site on the basis of the LC-MS/MS data. In general, low K m values were observed for all three PHD isoforms whether the substrates for HIF1α or HIF2α are peptide, CODDD protein or desPAS protein. The K m values for PHD3 were notably lower than that for PHD2 and PHD1 at all substrate levels, suggesting that PHD3 might have better binding to its HIF substrates.
DISCUSSION
The human HIF1α and HIF2α subunits of the hypoxia-inducible transcription factors have multiple hydroxylation sites [10, 22] . Profiling the hydroxylation state at specific proline and asparagine residues for HIF1α and HIF2α has proved challenging due to the lack of high-quality antibody-based tools for the detection of each of the epitopes for both HIF1α and HIF2α. In the present paper, we report the development of a MS-based assay using proteolytic digestion and LC-MS/MS-SRM. This assay allows, for the first time, site-specific detection and quantification of hydroxylation at each of the hydroxylation sites for both HIF1α and HIF2α desPAS protein substrates. Our results show that all three PHD isoenzymes have a strong preference for hydroxylation of the CODDD proline residue over the NODDD proline residue and the preference was observed for both HIF1α and HIF2α desPAS protein substrates. For PHD3, no detectable NODDD hydroxylation was observed during the 5 h reaction. This result is in very good agreement with the cellular studies reported by Chan et al. [23] . Their Table 3 Kinetic parameters of the hydroxylation reactions of Cy5-HIFα CODDD and desPAS domains catalysed by PHD2, PHD1, and PHD3 K m for CODDD reactions were determined using double titration experiments. HIF desPAS protein and CODDD peptide reactions were carried out by keeping one substrate concentration constant and titrating the second substrate to obtain apparent K m for the second substrate. The PHD concentrations used in the reactions were PHD2 = 1-5 nM, PHD1 = 5-10 nM and PHD3 = 2-5 nM. PHD concentrations were ∼10-fold higher than those listed for the peptide studies. results showed that the CODDD hydroxylation occurred first and was essential for NODDD hydroxylation for HIF1α in cells. In addition, their domain-swapping experiments demonstrated that PHD2 and PHD1 preferentially hydroxylates the HIF1α CODDD proline residues whereas PHD3 recognized the HIF1α CODDD site exclusively. Our studies extended these observations to HIF2α and clearly showed that PHD3 had no hydroxylation at the NODDD site on HIF2α desPAS protein. The detailed time course study clearly showed that PHD2 hydroxylated the CODDD and NODDD sites in a non-concerted manner, where hydroxylation of NODDD requires a certain amount of hydroxylated proline residues at CODDD to accumulate. Using LC-MS/MS-SRM, we were able to examine the hydroxylation rate of HIF1α and HIF2α desPAS protein substrates at all three sites. The present study has set the stage for more detailed single turnover analysis where a comprehensive analysis can be carried out to distinguish the parallel and concerted model for CODDD and NODDD hydroxylations. Point mutations at one of the proline sites, which have been reported in cellular studies by Chan et al. [23] , could further help to elucidate the co-ordination between the two ODDD sites. In addition, studies at different oxygen tensions have been planned to investigate the biochemical base for hydroxylation regulation at the CODDD and NODDD sites. Chan et al. [23] have already shown that at the cellular level, hydroxylation of HIF1α NODDD Pro 402 is highly responsive to changes in oxygen tensions.
The relevance of the length of the HIFα substrate has been an important subject of investigation. A number of studies have addressed the impact of the substrate length across the hydroxylation site on the activity and binding of PHD and FIH [14, [16] [17] [18] . However, most of these studies used peptide substrates or recombinant proteins containing only one hydroxylation site. In the present study, we used protein substrates that contain all three hydroxylation sites in the CODDD, NODDD and CAD regions. In kinetic analyses, we compared the desPAS protein with the CODDD substrates and CODDD peptides. These results lead to three key findings: (i) the K m values for CODDD and desPAS protein substrates are notably lower for PHD3 than for PHD2 and PHD1; (ii) for PHD1-PHD3 proteins in the present study, the difference in desPAS proteins, CODDD and CODDD peptide K m values were small, suggesting that previous observations with PHD-catalysed hydroxylation reactions might be related to the difference in protein constructs; and (iii) no clear substrate selectivity was observed between HIF1α and HIF2α for each of the PHD isoforms.
Previous studies have shown that increases in peptide length from 19 to 35 residues in the CODDD region lead to a 20-60-fold decrease in substrate K m from 5-10 μM to 200-600 nM. Further increases in substrate length to 248 residues reduced the substrate K m to the range 10-100 nM [16] . In the present study, we showed that the apparent K m values for the 482-residue HIF1α desPAS and 535-residue HIF2α desPAS proteins were similar to the CODDD K m values for CODDD hydroxylation reactions. It remains unclear whether the residues added affect the K m values for NODDD proline hydroxylation or CAD asparagine hydroxylation reactions. It was not obvious from previous studies that PHD3 had a higher affinity for either peptide or CODDD substrates than PHD2 [12, 13, 16] . Our studies showed 10-30-fold higher protein substrate K m values for PHD2, suggesting that PHD3 might have a higher affinity for HIF protein substrates. Since PHD2 is the most abundant PHD isoform in cells under normoxic and hypoxic conditions, the evolutionary pressure for PHD2 protein to bind tightly to HIF substrates might be lower than that for PHD3, which is highly induced under hypoxic conditions.
Another important finding arose from the present study concerning the α-KG K m values. The α-KG K m values determined for PHD2 and PHD1 were well below 1 μM, much lower than the 50-60 μM reported previously [12, 13] . The α-KG K m value for PHD3, on the other hand, was determined to be in the range 5-22 μM, in better agreement with previous reports. We confirmed the low α-KG K m values for PHD2 and PHD1 using two independent assay formats: the 14 CO 2 -release and HTRF assays. Our results agreed with a recent study on the tight binding of PHD2 to iron and α-KG [24] . In that study, the authors suggested that the α-KG K m should be lower than 1 μM from ESI-MS studies and that the unusual high α-KG K m reported previously could be complicated by endogenous sources of α-KG and Fe(II). We speculate that the difference in binding affinity of α-KG to PHD1, PHD2 and PHD3 might reflect the different role of the PHD isoforms in responding to inhibition by tricarboxylic acid cycle intermediate [25, 26] . The physiological relevance of tricarboxylic acid intermediate regulation of the HIF hydroxylases and the differential responses of PHD isoforms will be an interesting topic for further investigation.
There has been great interest in the development of prolyl hydroxylase inhibitors for the treatment of anaemia and ischaemic diseases [4, 9, 21] . Most recently, a publication showed that PHD2 inhibition could have potential in treating oestrogen-dependent breast cancer. Indeed, several prolyl hydroxylase inhibitors have already been developed and are currently in clinical trials for the treatment of anaemia [27, 28] . A better understanding of substrate specificity of the PHD isoforms will provide valuable information for the development of selective inhibitors for different clinical applications and further improve the safety profile of prolyl hydroxylase inhibitors.
